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FOREWORD' .

The work described in this report was performed by the Westinghouse 'Eleciric Corporation,
Astronuclear Divisicn, during the period'Octobel.', 1967 thréugh July, 1970. Technicul
administration at the Astronuclear Lnboratory was under the direction of Mr. R. W. Buckman
while Mr. P. Moorhead served as the NASA Pr0|ecl' Monoger
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1.0 SUMMARY

W

The purpose of this investigotion was to delineate the effects of metallurgical conditions on
the mechanical properties of ASTAR-811C (Ta-8W-1RE-0, 7Hf-0. 025C) sheet (0. 035 inch
thick). Under NAS 3-2542 the 2400°F creep properties were shown to be improved by in-

. . . o o
creasing the final annealing iemperature from 3000°F to 3600°F,

Cold worked ASTAR=811C (0. 035 inch thick) sheet annealed for 5, 30 and 60 minutes at

et L AN s s e

3000 to 3800°F recrystallized to give an equiaxed grain size ranging from 0.03 to . 38 mm.

POSTE PRI

Differential temperature=-stress creep testing showed that there was essentially no difference
in creep properties for material annealed above the carbon solvus (~3600°F) even though the

grain size varied by a factor of 5. The creep rates of ASTAR-811C annealed above the carbon

Sars I TN o e M e+

solvus (23600°F) were significantly less (~1/5) than for material annealed below the carbon

1

solvus. The creep rates observed for mcterial annealed below the carbon solvus exhibited too

much scatter to clearly define a trend. Since both grain size and precipitate distribution were
altered over the range of heat treatment investigated, it would appear that the changes in
creep behavior were caused primarily by changes on the precipitate morphology. Creep tests
on material heat treated to retain the high temperature form of the carbide precipitote in a

relatively fine grain size matrix (~0. 03 mm) confirmed this observation.

The minimum annealing treatment necessary to produce the high temperature form of the TaC

B AR, a
¥ RSl Wb " S S LRE o1 AL BB Ay 6wt s AL

precipitate is 1/2 hour at 3600°F. This annealing treatment was used as both a final anneciing

treatment as well as for in process annealing. This treatment resulted in optimum creep properties

in ASTAR=311C over the temperature range of 20600-2600°F.

Cooling from the finol annealing temperature of 3600°F at rates of 5, 50, and approximately
700 F®/minutes had little effect on creep properties ut 2000 and 2400°F, Metallographic ! -
analysls, both optical and TEM? indicated that the strengthening of the carbide precipitate must : -

*Transmission Electron Microscopy




be reluted to grain boundary precipitate. There was insufficient grain volume precipitate

observed by TEM to account for the strengthening increments uttributable to the carbide

Ly dispersion.
o ¥ .,
;:,Jf !‘ The creep properties of GTA welded ASTAR-811C was <imilar to that for the base metal.
o B During CTA welding, the fusion zone exceeds the carbon solvus and cools sufficiently
fast to retain the high temperature form of the carbide. The grain size in the fusion zone
: varied from 0. 03 to 0. 07 mm. g
3
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2.0 INTRODUCTION .
. 'ﬁ;‘:ﬂ

-~
e

<&

During the development of ASTAR-811C under Contract NAS 3-2542, it was observed that

: the creep properties of ASTAR-811C (Ta~8W-1Re~0. 7Hf-0, 025C) could be substantially oitered
by increasing the final annealing temperature from 3000 to 3600°F“). Since ASTAR-811C

was developed primarily for long time service aoplications in advanced space nuclear power

systems, creep strength is the primary design criterion. Creep of metals and alloys is a
structure sensiiive properfy(z); therefore, it was of importance fo investigate structural effects

PR guna LN e A

on the creep behavior of ASTAR-811C. The primary objective of the investigation described
in this report was to delineate the influence of metallurgical condition on the creep behavio
of ASTAR-811C sheet (0.035 inch thick). Creep properties were determined on material in

 the as~worked, annealed, and the GTA welded condition.
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3.0 EXPERIMENTAL PROGRAM AIND PROCEDURES

3.1 EXPZRIMENTAL PROGRAM

The experimental program for determining the effects of metaliurgical condition on the creep
“ehavior of ASTAR-811C was conducted sequentially following the four tasks outlined in
Figures 1-4,

3.2 STARTING MATERIAL

Two heats of ASTAR-811C were required to conduct the progrom and the ingot analysis for
the material is listed in Table 1. With the exception of the specimens used for the thermal

mechanical processing study discussed in Seciion 4. 3 of this report; ali test specimens were

from the NASV-20 heat of ASTAR-811C,

Heat NASV-20 was prepared from sandwich-type electrodes which were double consumable
electrode vacuum melted to yield an 80 pound. 4 inch diameter ingot(.” A one-inch high
right circular section of the ingot was upset forged at 2550°F by a single blow on a Dynapak
to give a thickness reduction of 59 per cent. After annealing one hour ot 3000°F, the forged
disc was rolled first at 900°F and then at room temperature to give a combined 89 per cent
thickness reduction. Foliowing ancther anneal for one hour at 3100°F, the material wos

cold rolled 33 per cent at room temperature tc give o finished sheet thickness of 0, 025 inch

from which test specimens were prepared,

3.3 HEAT TREATMENTS

Heat treztments were done using a cold wall vacuum furnace ot < 1 x 10—5 torr. At temper~
ctures up ‘o 3200°F, an elastomer scaled polymer pumped system was utilized for heat treat-
ment, Above 3200°F, decarburization of the 0,035 inch ASTAR-811C occurred very rapidly

(see Figure 5) when heat treated in a conventional elastomer sealed, polymer pumped, unbaked
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0. 035 inch Thick
ASTAR-BTIC Sheet Specimens -1 =
33 Cold Work
b Anneal
1 ‘ .
e
3000°F 3200°F 3400°F 3600°". 3800°F ,
— ;
5 minutes 30 minutes 40 minutes :
[ o | .
1 1 , S
Metallography Creep Properties i g

Ao, AT

[EFTPTE R S U

R et et 3 e

AL WA ALl e F Tk, ol T

Figure 1, TASK | - Effect of Thermal Treatment on Grain Size
and Creep Stienath o ASTAR-811C
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Optimum Annealing Tempe .« re/
Time Selected from iask |

{172 hour ot 3600°F)

Cooling Rate Cooling Rate Cooling Rate
5 F°/mincte 50 F° /minute Helivm Gas Quenck
B 800 F2/minute
Creep Test Tensile Properties
Constant Load Room Temperature
Constant Temperature 2000 and 2400°F

Figure 2. TASK Il - Effect of Cooling Rate on Mechanical Properties ot ASTAR-811C
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Cptimum Annecling
Temperature from Task |

(1/2 heur at 3600°F}

30%

C.W.

60°z C. W,

One Hour Arneal
2400, 2600, 2800, 3000°F

!

30% C. W.
+

Rx Anneal

(Optimum)

J

Meta llocr=pnic
A-ciysis

Select Cptimum
Schedule

Creep Properties

Consiant Load, Constant Temp.

kigure 3. TASK ill - Effect of Thermal Mechanical Processing
on Creep Properties of ASTAR-811C
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Figure 4. TASK {V - Effect of GTA Welding on Creep Properties of ASTAR-811C
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Table i. Composition of ASTAR-811C Matericl
Sample
Heat Ne. Location W Re Hf C G N
NASV-20* Ingot Top 7.4 1 1,04 0.71 | 0.024 0.0006 | 0.0013
Ingot Bettom | 7.2 § 0.92 i.01 | 0.023 0.0021 v 0.0027
WC-650078 *x 8.0 1.4 C.? |0.0235 | 0.0050 {<0.0010

*  Originel development heat preduced under Contract NAS 3-2542 - see

Reference 1.
** Vendor reported analysis for 1/8 in. thick olate. Material produced from
8 in. diameter ingot by Wah Chang, Albony, Oregon.
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Figure 5. Effect of Annealing Temperature and Time or the Decurburization of
0. 035 inch thick ASTAR-811C Sheet

(Note elastomer sealed polymer, pumped nonbuaked cold wall vacuum system
operating at 1 x 1070 to 1 x 103 torr)
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vacuum system. To avoid decarburization, specimens were either onnealed in sputter ion
pumped bakeable metal sealed systems,or the samples were encapsulated ina 7-222 foil
envelope which was evacuated fo < T x 10—5 torr cnd secled by electron beam welding.
Specimens encapsulated in this foshion did not decarburize even when heoted ot ‘10-5 torr

at temperatures up to and including 3860°F.

3.4 MECHANICAL PROPERTIES

Creep and te. :ile test specimens were of the pin loaded type having a one inch gage length
and 1/4 inch width in the gage section. All creep testing was dcne in sputter ion pumped
systems operating at < 1 x 10-8 torr,  Creep elongation wos measured optically using lines
scribed af the extremes of the reduced gage section for reference marks, Heating was by
radiation from a split wall tantd um resistance heated element. A unicxial stress was cpplied
by dead weight loading. Details of the ultra~high vactum creep test units have been de-

(3)

scribed elsewhere' ’.

Tensile testing was conducted in an elastomer sealed vacuum chamber fitted to e 500 [b.
capacity screw driven Insiron testing frame. Crosshead motion was used to record specimen
elongation during testing. All elevated temperature tensile testing was done at o pressure of

<1 %107 torr.

R

1




4.0 EXPERIMENTAL RESULTS AND DISCUSSION

4,1 EFFECT OF THERMAL TREATMENT ON GRAIN SIZE AND CREEP PROPERTIES

4,1,1 Grain Size

The effect of cnnealing conditions (temperature and time) on the grain size of ASTAR-811C
was determined using heat NASV-20 (35 mil sheet, 33% cold worked). Spzcimens were
annealed fer times of 5, 3C, and 60 minutes at temperatures ranging from 3000 to 3800°F

in 200F° increments.

The as-machined specimens were pickled and wrapped in cleon tantalum foil. Tungsten-
rhenium thermocouples ware spot welded to the tantalum foil and the temperotures meusured
using the calibration data supplied by the Hoskins Manufacturing Company. The specimens
were heated in vacuum to 2000°F and held there for outgassing unti! the pressure dropped to
< Tx 10”5 torr.  This took about 10-15 minutes. The specimens were then heated to the
annealing temperature as rapidly as possible. The heating time varied from aboui 30 to 60
seconds. Cooling was done in helium gas with the time *o cooldown to 2000°F varying from

cbout 45 to 60 seconds. By way of comparison, it takes about 50% longer to cool in vacuum.

The grain size results are shown in Figure 6, and the following points are noted:

{a) The grain size was measured on photomicrographs at 100X by scribing
four lines which ran from comer to corner and mid-face to mid-foce.
Measurements were mode on both longitudinal (L) cnd transverse (T)

sections and occasionally in the rolling plane (RPj.
(b) The points plotied at zero time refer to the starting, as-worked material.

(¢) After recrystallization, no difference was noted in the grain size as

measured on the L, T, and RP secticns.
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Figure 6. Effect of Annealing Time and Temperature on Grain Size
of ASTAR-811C Sheet, 0,035 inch Thick, 33% Cold Work
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(d) The circular points give the average grain size, i.e., the avercge of
at least eight values, four for each micrograph for both L and T sections.
The vertical bands depict the range of cil the individuol vaives. Ncte
that at the larger grain sizes there are only three or four grains across
tha thickness of the sheet. !t is also to be noted that the height of the
vertical bands does not necessarily give a correct measure of the inherent
variation in grain size since it also reflects variation due to the par-

ticuler measurement procedures employed.

The average values shown in Figure 6 are replotted in Figure 7a and compared with previous

data on ASTAR-811C in Figure 7-b, ¢, d.

£.1.2 Creep Behavior

Incremental type creep tests were employed in which the stress and temperature were progressively
changed, beginning genewally at 2200°F and 25 ksi ond ending cfter about 300 hours at 2600°F
and stresses as low as 5 k.i. An example of the type of creep curves obtained is shown in

Figure 8.*

The specimens all showed between 0.1 and 0. 2 per cent strain on loading to a stress level of
25 ksi ot 2200°F. Most of the segments of the creep curves were linear. Where nonlinear
segments were ocbserved, the minimum creep rate is reported. The applied stresses were based
upon the initia! cross—sectional area. Thus, the true stress on the specimen during the later
stages of test are higher thon the velues reported by up to chout 5 per cent. The reported

creep rctes have not been corrected for this effect, except for the following described test.

* Complete creep curves for each test are in Appendix A.
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Figure 8. Creep Behavior of ASTAR-811C During Incremental Stress and Temperature Testing.
(Specimen 1-34-30-H-C; prior treatment, 1/2 hour at 3400°F; grain size, 0.056 millimeter. )
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T e sde same wegeure of the effect of the nriar creep strain or the creep :ate at a given -

-
v datass o

.

festine ioothe latrer part of the test, a test like that shown in Figure & was run and then the

Jer1 pnoo wris reversed.  The creep rates for the up-cycle and down-cycle were compared
]

e coreciing for the irue stress etfect; ond as shown in Figure 9, they are in good agree-

ment,

The eifact of annesling temperature on the crecp behavior of ASTAR-811C is summarized

in the Larson-Miller plnt shown in Figure 10. The times to 1 per cent strain vaiues were
ccleulated from the creep rate data nbtuined during the incremental temperafure —stress tests.
It is apparent that recrystaliized ASTAR-811C has signiticantly better creep properties than
the cold worked matedal, Increcsing the final annealing temperature results in still further

imprverent in creep properties. The change is gradual though, with specimens annealed

S

at 3400°F and halow showing considerable data scatter. while there is little if any difference
between the specimens annealed at 3400° and 3800°F  The spread in the band for the annealed
specimens amounts to a vertica! separation of akout 5 ksi, or a horizontal separation of about
150°F in test tempera‘ure. (A char.ge by one unit in the Larson-Miiler parameter in Figure

10 is equivaient to a change in test temperciure of ubout 50 F7)

in Figure 11 the creep rare is plotted against siress for each test temperature. The circular
symbols in this figure are for specimens annealed between 3000 and 3400°F, while the tri-
angles represent specimens annealed ai 3¢00 and 3800°F, the onnealing time being 5, 30, and

40 minutes at each temperature. The trend of decreasing creep rale with increasing annealing

tempercture is again evident.

The solid-line ond dashed~{ine curves in Figure 11 are plots of equations (1) and (2), respectively:

~ e

Aeﬁo e‘wu/RT (1)

- Aa"e_Q/m . (2)
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Figure 9. Effect of Test Sequence on Creep Behavior of ASTAR-81 1C During Incrementa!
Stress and Temperoture Testing. (Prior treatment, 1/2 hour at 3600°F,
cooled 50F° per minute. )
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Figure 10, Larson-Miller plot of incremental creep test data on ASTAR-811C.
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These curves ware drawn using values for the constants in equations (1) and (2) determined

by trecting all of the creep data as a group, thet is, irrespective of hect ireat condition.

The values for these constants determined by a least-squares-con puter program cre as follows:

Fq. ()% fa. (2)ie")
A, B, Q, A, n, Q,
So/hr. (ksi) kcai/mole (‘,’/o/'hr)/(ksi)n dimensionless kcal/mole
1.6x10% | 3.7 135.5 | 1.5x10° 4,61 1.8

No particular physical significance is attached to tae values obtained for these constants.

However, equation (1), in particular, is useful for estimation puiposes.

The effect of heat treatment on creep is shown in Figure 12 in terms of conventional (constant

. o . . .
T,0) creep curves. The specimen annealed at 3000°F shows a menotonically increosing creep

. ] .
rate, while the sample cnnealed at 3600 F shows a iinear creep rate out o at least 1000 hours.

The difference in their creep b=havior therefore increases with increasing time or strain.

These

two creep curves also depic. ri.c magnitude of the effect on creep due to the ronge of heat

treatments being investigated.

It is roted that the two curves start out aboul the same,and

even after 50 hours it is difficult to distinguish between them. This suggests the possibiiity

that the incremental creep tests may minimize the differences in creep behavior due to keat

treatment effects because of the short time increments employed at each combination of tem-

percture and stress.

4,1.3 Microstructure

After moderate to heavy cold werking, ASTAR-B11C recrystaliizes in 1 hour at about 240V to

2600°F.  With increasing annealing temperature and time the grain size increases (Figure 6),

and the precipitates present in the cold worked material are gradually taken into zolution

Pty
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Figure 12, Effect of Heat Treatment on Creep of ASTAR-811C in Conventional Test at
Constant Stress (15 ksi) and Constant Temperature (2400°F),
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(Figures 13 to 15). The precipitates in ASTAR-811C have been identified as the hexagonal
close packed tantalum rich dimetal-carbide, (Ta, W)ZC’ regardless of the mechcnical-therma!

conditions.

The optical microstructure of samples cnrealed at 3600°F and above appears to be single phase
{(Figure 15). There is no doubt that the carbides have been taken completely into solution.

g pletely
However, reprecipitation on a scale unresolvable by optical microscopy occurs during cooling,

as shown by the electron transmission micrographs in Figure 16,

The precipitatas shown in Figure 17 were extracted from creep specimens after being tested as

shown in Figure 12 . The initial precipitates (Fizure 16) in the specimen arnealed at 3630°F
grew into long, thin platelets (Figure 17 b) during creep testing. These precipitates are still

much smaller than those in the specimen annealed at 3000°F (Figure 17(a)). Figure 18 shows a

transmission micrograph of the creep specimen which haa been annealed at 3630°F prior t.
testirg. The dislocations appear to be pinned by the smali precipitates and tangled around the

larger ones.

4.1.4 Discussion

The *wo principa! micrestructurai features which change for the range of heat treatments in-
vestigated are grain size and precipitate dispersion. Since both of these features can in-
fluence creep deformation, it is of interest to consider their relative contribution to the creep
resistance of ASTAR-11C. Creep rate (from incremental tests) is piotted as a function of grain
size in Figure 19 for general combinations of test ter.perature and stress. The circular points
represent specimens annealed at 3400°F (below carbon solvus) and beiow while the triangular
points are for specimens annealed at 3600°F (above carbon solvus) and above. There is little

difference in the ~reep rate of specimens annealed at the higher tempemtures (above the carben

solvus), even though the grain size varied by a factor of 4 or 5. In view of the observed
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4.7 FFEECT CF COCLING RATE TN MECHANICAL PP OPERTIES

The effecr of cooiing rate wus investigated =ing sieel "3l and creep specimens of
ASTAR-811C, NASV-20, cooled of three given rates afte, o« 7 2 hour anneal at 3600°F,
The three cooling rates chosen were helium qas auench, +kich wos equivalent to a cooling
cate of 700 to 800 £°; 50 F° and 57° per mirute. resocctively, The specimens were encap-
sulated ir evacuated fantalum envelopes to preven! carton loss at the 3600°F annealing
temperature. Somple cooling rates were controlled from 36007F to 2000°F. The slower

cooled samrles were he'ium gas quenched fror 20007F ro ambient temperature, The hetium
gas quenched samples required opproximately two minutes to reach 2000°F. The cooling
iotes of the slower cooled semples were controlled by programming furnace element power

to achieve the desired time-temperature relationchips. A cooling rate of 50 F° per minute
required 32 minutes to reach 2000°F from 3600°F. The 5 F° per minute cooling rote required

5 hours ard 20 minires for comrpletion of the ccoling proc .».

The cooling rates represent a broad spectrum of conditions which might be encountered in
commercial heat treatment cpplications of various component sizes and shapes, The results

of the Task | study indicated that the larger grain size produced by annecling above the
carbon solvus followed by rapid cooling produced the optimum or minitaum creep rate for
ASTAR-811C, In that study all the samples were heiium gas quenched from the final annealing
temperature. |t was recognized that slower cooling rates would provide an opportunity for

the carbide phase fo precipitate within the matrix ot temperatures below the carbon solvus.
Since the precipitation process is strongly temperature dependent, the morphology and dis-

tribution cf the carbide phuse would be a function of the cooling rate and hence could have

a significant effect on mechanical property bebavior.

=0




4.2.1 Microstructure
The microstructures of the samples conled at various rates are shown in Figure 20. The
structures are typical of classical preciyitation phenomenon. The helium gas quenched
sample appears to be single phase at low magnification (~200x). At 650x, as shown in
Figure 200, a finely divided precipitate can be seen in the grain matrix with denuded zones
v associated with grain boundaries. During the rapid quench from the annealing temperature
many second phase precipitates were nucleated. As the residence time at 2levated tempera-
ture increased, agglomermation of the carbide phase proceeded producing the microstructures
shown in Figures 20band 20¢, The intermediate cooling rate, 50 F° per minute, prcduced a
duplex fype structure of finely divided precipitate along with larger plate-like precipitates
af grain boundaries and within the grains. The 5F° per minute cooling rate produced a
structure with very little fine precipitate in evidence but dominated with large massive

biocky type precipitate associated primarily with grain boundaries.

4.2.2 Tensile Properties

Samples cooled at various cooling rates from final annealing temperature were tensile rested
at room temperature and at elevated temperatures. The room temperature tensile results are
given in Table 2 and the elevated temperature test results are given in Table 3. The data
are summarized in Figure 21, Included for comparison are tensile data for heat NASV-20
(1)

taken from earlier work "

3000°F and furnace cooled.

. The prior tensile data were for material annealed one hour at

The yield strengths of the helium gas quenched material and the material cooled at 50F° per

minute were significantly higher than the yield strength of the material heat treated and

cooled in the more conventional manner, The finely divided carbide phase evident in the

microstructures for these materials may have been responsible for the increase in yield strength. .

Initial dislocation motion may have been inhibited by the finely dispersed carbide phase

32
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TABLE 2

ROCM TEMPERATURE TENSILE PROPERTIES OF ASTAR-811C :
SUBJECTED TO VARIOUS COOLING RATES FROM FINAL ANNEALING TEMPERATURE |

Specimen 0.2 Yield Ultimate Elongation Reduction Inj
‘ History Strength Strength Uniform Total Area !
, {KSH (KSH) (%) (%) (%)
1 100.0 101.7 15.4 24,0 22
2 98.8 102.6 13.9 23.0 25
3 83.8 87.5 15.7 23.0 27
4 35.0 104. 4 16.3 25.6 49

All Materiai Heat NASV-20

Strain Rate 0.C5 in/min.

1. Amealed, 1/2 Hour 3600°F, Helium Gas Quenched
2. Annealed, 1/2 Hour 3600°F, Cooled 50F°/min.

3. Annealed, i/2 Hour 3600°F, Cooled 5F°/min.

4. Annealed, 1 Hour 3000°, Furnace Cooled ]

causing the yield strength to increase. The yield strangth of the material cooled at 5F° per
minute was essentially the same as the conventionally heat treated material. The ultimate
strength, however, was significantly lower. The lack of strain hardening in all three materials
cf this study is evident. The low temperature deformation behavior of BCC alloys are strongly
dependent on dislocation and vacancy density as well as dislocation-interstitial interoction.
These phenomeron which are strongly affected by final annealing temperature and cooling

rate are undoubtedly responsible for the deformation behavior exhibited by these materials. A
more definitive explanation of the low temperature deformation of these materials would require
additional tests to confirm the infiuence of cooling rate on the low temperature deformation

behavicr ot ASTAR-811C.
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FLEVATED TS'APERATURE TENSILE PROPERTIES OF ASTAR-811C SUBJECTED
TO VARICUS COOLING RATES FROM FINAL ANNEALING TEMPERATURE

TABLE 3

Specimen Test 0.2 Yield Ultimate Elongation Reduction
History Temperah,rp Strength Strength Uniform  Total In Areo

°F) (KS1) (KSI) (%) (%) (%)

1 2000 27.6 51.7 15.3 29.0 24
1* 2000 35.2 59.5 14.6 19.0 22

1 2400 26.3 36.0 13.5 23.0 17
1* 2400 23.3 37.0 11.8 22.0 25

2 2000 32.9 55.7 12.6 18.0 26
2% 2000 35.2 59.6 14.6 20.0 20

2 2400 29.4 39.1 11,2 23.0 32
2% 24C0 28.7 41.4 2.7 25.0 34

3 2000 28.0 51.8 14,2 18.9 22
3* 2000 27.8 53.5 13.0 17.0 16

3 2400 26.2 35.9 11.8 25.0 23
3* 2400 25.9 39.4 13.2 21.0 21
4 2000 35.0 60.9 - 24.0 -
2400 30. 4 49.9 - 28.8 -

All Material From Heat NASV-20

i. Annealed 1/2 Hour 3600 F, Helium Gas Quenched

2. Annealed 1/2 Hour 3600 F, Cooled 50F /mm
3. Annealed 1/2 Hour 3600 F, Cooled 5F°/min.
4, Annealed 1 Hour 3000° F, Furnace Cooled('|

Constant Strain Rate Test 0.05 in/min.
* Sirain Rate Changed From 0,005 in/min. to 0.5 in/min. after 3% Piastic Strain
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The elevated temperature tensile properties for material subjected to the varicus cooling

rates are also presented in Figure 21. Very little difference in yield and uitimate strength
can be seen for the materials evaluated as a tunction of cooling rate, The ASTAR-811C
annealed at 3000°F exhibited higher mechanical properties at both test temperatures. These
results tend to emphasize the effect of final unnealing temperature on mechanical betavior.
The cooiing rate fest material of this study was annealed 1/2 hour at 35G0°F, which was
above the carbon solvus. The ASTAR-811C annealed at 3000°F (below the carbon solvus) had
a smaller grain size (0.037 mm vs. 0.10 mm). These factors cre most probably responsibie

for the difference in elevated temperature mechanical property behavicr.

In addition to the constant strain rate tests carried cut at 2000 and 2400°F, a strain rate
change test was also performed. An initial strain rate of 0.005 in/in/minute was used to
3 percent plastic strain then the strain rate was increased to 0.5 in/in/minute to failure, The

test results are ‘ncluded in Table 3

At tie 240C°F fest temperature the lower strain rate (0. 005 in/in/minute) produced a slightly
lower yield strength and the higher strain rate (0.5 in/in/minute) produced a slightly higher
ultimate strength compared to the comstant strain rate (0. 05 in/in/minute) test results, This
behavior which was the same for all three test materials, is typical for stable material. At
the 2000°F test temperature, test results were not the same. The lower strain rate produced

a higher yield strength in helium gas quenched and 50 Fo/min. cooled material, where as
the slowest cooled material, 57°/min. , behaved in thz conventional manner. This anomolous
behavior was most likely due to an occurrence of a thermally activated process such as pre-
cipitation of the carbide phase during testing, The slower strain rate provided sufficient time
at test temperature to permit precipitation of the carbide phase (TozC) from supersaturation :
produced by rapid cooling. Material cooled at the slowest cooling rate, 5F° per minute,

approashed more nearly equilibrium conditions and thus exhibited more conventional behavior. 3




4.2.3 Creep Properties

Materiai subjected to the various cooling rates were aiso creep tested. The rest program

was limited to two creep specimens per cooling rate. The specimens were tested at two
o . )

temperatures, 2000 and 2400 F, at constant stresses of 27.5 and 15 ksi, respectively,

Creep data are given in Table 4 and complete creep curves are presented in Figures 22 and 23.

At 2400°F, there does not appear to be any significant effect of cooling rate on the creep
behavior of ASTAR-811C. The data appears to be well within experimental error or what

. . )
would be normal scatter for a given material. At 2C00°F, there does uppear to be some

effect of cocling rate on creep behavior. The material cooled at the slowest cooling rate,
5Fo/min. , appears to have a somewhat higher creep rate compared to material cooled at

. . o, . e .
the intermediate rate, 50F /min. The creep rate of the heiium gs quenched material was

slightly higher but not enough tc be considered significant.

Samples were cut from the gage section of the creep specimens for optical and transmission
alectron microscopic evaluation. The optical micorgraphs are shown in Figures 24, 25, and
26. Included with the micrographs of the creep spacimens are microgrophs of the starting
material for comparison. In each case the morphology and distribution of carbide phase,
Ta2

bution of the carbide phase to the grain boundaries as shown in the slowest cooled material ,

C, was altered oy the thermal exposure during creep testing, The trend toward redistri-

5F°/min. , is evident in the creep samples of the helium gas quenched and 50F°/min. cooled
matcrials. The amount of second phase present was greater in the 2400°F creep specimens,
The process of dissoiution of the smaller carbide precipitates, diffusion of the carbon, and
the redeposition of the carbide phase on larger particles is most likely more efficient at the

higher temperature.

Transmission electron microscopic examinationof the starting material and creep tested
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’ Figure 24, Microstructures of Helium Gas Quenched (from 3600°F)
: Creep Specimens of ASTAR-811C
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Figure 25, Microstructures of ASTAR-811C Creep Specimens Cooled 50F9/min
from 3600°F
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material was also conducted. The objective of this study was to determine the role of the
carbide phase in the creep bekavior of ASTAR-811C. The transmission electron micrographs
are shown in [igures 27, 28, and 29. The starting helium gas quenched material exhibited
an extremely fine precipitate on the order of (. 025 um) in diameter. The 50F°/min. cooling
rate produced particles approximately 0.2 um in diameter which increased to 0.4 um at the
5F°/min. cooling rate. The micrographs of the creep tested matericl show in each case that
a significant change occurred with respect to the size and quantity of the carbide phase
present. The quantity of microscopic carbide phaze was significantly reduced for each creep
test temperature, Some evidence of a possible carbide particle dislocation interaction can
be seen for the 2000°F test~d material. At 2400°F, the fine carbide phase had virtually
disappeared. The fine carbide precipitate apparently redissoived with the carbon diffusing
to and reprecipitating on larger, more stable, grain boundary particles. This process was
more efficient at the higher test temperature, 2400°F. The transmission electron micrographs
give evidence that the role of intragranular carbide precipitate in the creep behavior of
ASTAR-811C is rather limited. The intergranular or grain boundary precipitate may be of

more significance to the creep behavior of ASTAR-811C.

4,3  EFFECT Of THERMAL-MECHANICAL PROCESSING AND WELDING ON

CREEP PROPERTIES
in the study of the effect of grain size on the creep behavior of ASTAR-811C, it was dis-
covered that the creep properties were independent of grain size so long as the final
anneal was conducted at a temperature above the carbon solvus. Annealing above the solvus,
3600°F, procuces a grain size on the order of 0.1 mm after 1/2 hour at 1 *v.perature. In this
study an attempt was m .de to praduce a fine (£.03mm)grain size material which retained the high
temperature carbide precipitate morphology produced by rapid cooling from above the
carbon solvus. By keeping the precipitate form constant, and producing a fine grained

materiai, the effect of grain size and carbide precipitate morphology on creep behavior

can be separated.
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y Figure 27, Transmission Electron Micrographs of Helium Gas Quenched
4 (from 3600°F) Creep Specimens of ASTAR-811C
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4.3.1 Material Preparation

1t.e nitial program plan called for the covelopment of o processing schedule which would

-

produce the desired microstructure, fine grain with the high temperature form of the carbide
phase present. For this study, another haat of ASTAR-811C was required, WC $50078.

! Chemistry of this heat is given in the Experimental Procedure Section. Two one inch wide
strips were rolled to 0. 143 and 0. 082 inch thick respectively. The strips were encapsulated
in evacuated envelopes of T-222 (Ta-10W-2, 4Hf-0.01C), annealed 1,2 hour at 3600°F
and helium gas quenched. The thicker sheet was rolled to a reduction of 60 percent, 0.057
inch. The thinner sheet was rolled to a reduction of 30 percent, to a thickness of 0. 057 inch.
The sheets were cut into three equal parts. Cnae strip of 50 percent reduced meterial and one
strip of 30 percent material were annealed at 2400, 2600, and 2800°F. After the hect
treatment, metallographic samples were taken and the remaining sheet of both starting

thicknesses were reduced 30 percent to a uniform finished thickness of 0.040 inch. Each lot

of finished material was annealed at the same temperature as the intermediate heat treatment.

The roliing and hect treatment sc! 2dule is outlined in Figure 30.

Metailographic exarination of the initial twelve sheet samples revealed that recrystallization
had not occurred in any of the sheets. Typical microstructures for sheet reduced 60 and 30
percent are shown in Figures 31 and 32. Reducing the sheet an additional 30 perceni did

not promote recrystailization. Samples of material initially reduced 60 percent were
annealed for 2 and 4 houn respectively with the same results. The combination of cold

work and annealing temperature was apparently insufficient to cause recrysicllization to
occur, Samples of ASTAR-811C reduced 30 and 40 percent and annealed 1/2 hour at 3000°F
were successfully recrystallized. The microstructures are shown in Figure 33. The material
rolled 60 percent had a more uniform grain size (0. 03 mm) than the 30 percent reduced mater-
ial. The high temperafure form of the carbide precipitate apoears to have been retained as

indicated by the 1500 x micrographs. The grain boundaries appear devoid of the large block
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type carbide precipifate while evidence of a finely divided general precipitate can be seen

with the grain,

As a result of the process evaluation, a procedure consisting of 1/2 hour anneal at 3600°F
followed by a reduction of 60 percent, with a fincl anneal of 1/2 hour at 3000°F was

chosen. Material sufficient to produce four creep specimens was processed accordingly.

4.3.2 Creep Testing

The material processed to 0.040 inch thick sheet using the procedure developed in the
thermal-mechanical evaluation was machined from four creep test specimens. Creep tests

were conducted at two stress levels at two temperatures. The creep data are listed in Table 5.

4,3.3 Effect of GTA Welding on The Creep Properties of ASTAR-811C

The objective of this evaluation was to determine the creep behavior of ASTAR-811C weld

metal. ASTAR-811C sheet, 0.040 inch thick from heat NASV-20 was used for this study.

Two strips approximately 1-1/2 inches wide by 6 inches long were annealed for 1/2 hour at
3600°F and helium gas quenched. A bead-on-plate weld was made on each sheet using

1,4
welding procedures developed on previous progroms( . The welding parameters used were

as follows:
Speed 15 ipm
Current 140 Amps
Voltage ~ 18 Volis
Clamp Spacing 3/8 Inch

A weldmetal zone approximately 1/4 inch wide at the upper surface was produced in each
sheet, Regular sheet creep specimens were machined with the 1/4 inch wide weld metal

zone coincidental with the 1/4 inch wide gage section of the creep specimen. The specimens
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TABLE 5

CREEP PROPERTIES OF ASTAR-311C SUBJECTED

TO THERMAL MECHANICAL PROCESSING* “
Tesr Strain On Test Total Secondary Time To
Time  Stress Loading Time Strain Creep Rate 1% Strain prx*
CR  (KSH (%) (Hrs.) (%) (%/Hr.) (Hrs.)
2000 27.5 0.2 1283 .57 0.000184 5200 51.7
2000** 25,0 0.1 503 - - - -
2106 25.0 - 1027 .39 0. 00038 2560 53,0 ]
2400 15.0 0.05 388 1.21 0. 00290 344 56.7 —
2400 12,5 0.05 602 1.02 0.001¢ 620 57.5 . A
§

* Annealed 1/2 Hour At 3600C;F Helium Gas Quenched, Rolled 60%,
Annealed 1/2 Hour At 3000 F and Furnace Cooled

L

ol No Measureable Creep Temperature Increased To 2100°F )
-3 ;
*kk - .
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were surface ground to a final thickness of 0. 035 inch to remove any surface irregularities.

The creep specimens were then annealed 1 hour at 2400°F prior to creep testing, The weld
creep test cata are listed in Table 6.
TABLE 6 !
- CREEP PROPERTIES OF GTA WELDED ASTAR-811C
Test Strain On  Test Total Secondary Time To !
Temp. Stress Loading Time Strain Creep Rate 1% Strain p*
O T () (%) (Hs.) (%) (%/Hr.) (Hrs. )
2000 27.5 0.18 1129 0.70 0. 00046 2180 50.8 T
‘ 2000 25.0 0.15 850 0.30 0. 000177 5650 51.8
2050 25.0 - 766 0.28 0. 0003465 2740 52.0
2400 15.0 0.10 386 1.84 0.00416 240 56.3
2400 12,5 0.10 592 1.29 0. 0020 500 57.2
®=To, (17.3 +Logt ;0.) x 107
RV 9% 19E

4.4  DISCUSSION OF RESULYS

The results of the ASTAR-811C creep testing conducted under this program are summarized

in Figure 34, The dash-line curves represent the creep data for the stress and temperature
change creep tests conducted as purt of this program. The colid-line curves represent con-
stant load and temperature data from prior work“). The multiload-temperature creep tests
tend to give results which were conservative ccipared to constant load, constant temperature
test results. This behavior is not unexpected due to the nature c* the load-temperature

change tests, The time for one percent strain for ea:h test condition was determined by extra-

polating creep rates. Small strain increments which were necessary to cover the test rates
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Figure 34. Summary Larson~Miller Plot of Creep Tesi Results for ASTAR-811C
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Vst

and thus shift the Larscn-Miller parameter to lower values. The open points represent con~
stant stress and temperature results for the cooling rate, the thermal-mechanical processing
and welding effect investigations. The test results were determined in many cases using
actual time to one percent strain or extrapolating secondary creep rates. To permit valid
comparison with multiload-temperature tests strain on loading ard primary creep was

nc jlected. At the lower temperatures and higher stress fevels, the material subjected to
various cooling rates from the final 3600°F heat treatment exhibited creep behavior which
was significantly lower than expected. The fine groined material produced to retain the
high temperature form of the carbide precipitate displayed creep properties at 2000°F which
were comparable to the larger grained material. The creep properties of the welded ASTAR -
811C at 2000°F was slightly lower than the larger grained material. The creep curves for
the 2000°F, 27.5 ksi test conditions are shown in Figure 35. The creep curves for the cool-
ing rate study show in addition to a larger secondary creep rate, a significant primary creep
stuge. There was no indication of a primary creep stage for the welded material. The small
grained material produced by the therm='-mechanical processing study produced a small

but extended primary creep stage. At the 2400°F test temperature and 15 ksi stress level,
the data were clustered, showing little effect of material condition. The creep curves,
Figure 36, were similar in appearance and typical of the low stress-high temperature creep
behavior of ASTAR-811C. The higher temperature agparently minimizes the effect of ccoling
rate and grain size on the creep behavior of ASTAR-811C.

The conclusions which can be drawn from the results obtained under this program must be
evaluated in light of the quantity of data generated. - the initial investigation of final
annealing temperature and grain size, sufficient data were produced to permit firm con-
clusions to be drawn. In the remaining investigations, the limited number of test specimens

available restricted the conclusion to the delineation of trends.
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5.0 CONCLUSIONS

', The final annealing tempeine .e of ASTAR=811C has a strong influence on creep
propertizs. ASTAR-811C sheet unnecled above the carbon sclvus, > 3600°F, exhibited the

’ creep rates in the range of 2000° to 2600°F ~1,%5 of that for material annecled ar 3000°F.

, ¥ 2. The precise role of carbon and the carbide phase, T02C, remains undefined
since the evidence of direct precipitate~dislocation interacticn deteczed in creep specimens
tested at 2000 and 240G6°F was insufficient to account for the strengthening increments "
: measured. |t would appear, however, that grain boundary precipitate interactions moy be

controlling.

iy

3.  The effect of grain size on the creep bel .vior of ASTAR-811C appears to be
minimai. No significant effect on creep rate was noted for grain sizes which ranged from

0.0Z5 to 0.25 mm, provided the disposition ot carbide r*-ase was the same.

4.  Cooling rate from final annealing temperature had little effect on the 2000
and 2400°F creep behavior of ASTAR-811C sheet,

5.  GTA welding of ASTAR-811C sheet does not adversely effect the creep

behavicr. v
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6.0 RECOMMENDATIONS

Based on the conclusions that the carbide morphology is controliing ihe creep behavior of
ASTAR-B11C, the foilowing heat treatment is recommended to produce optimum creep properties

in ASTAR-811C sheet.

' . Iintermediate anneai 1/2 hour ot 36000F*, rapid cool, (<]OOFO/min)
final reduction (~60%) by rolling at room temperature, final anneal
at 1/2 hour at 3000°F.

(NOTE: Same creep properties can be gchieved ~y final annealing only at 3600°F for 1/4

hour followed by rapid cool. Howevcr, final grain size will be approximately five

times that of recommended treatment. )

*Although current industrial vacuym heat treating furnaces are generally limited to a maximum
temperature of 1700°F at 1 x 107 torr, cemonsirated technology exists for heat treating at
temperatures up to 4000°F at pressure <1 x 107° torr.  Thus if - requirement would arise for
processing large quantities of ASTAR-811C material with optin.um creep properties, the ke at
treatment capability could be provided. Laboratory heat treatment at temperatures up to
3600°F and 1 x 107 torr of tubular shapes up to 1 1/2 inch in dicmeter x 10 feet long are
currently available at the Astronuciear Laborctory.
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APPENDIX A
i TIME-ELONGATION CURVES FOR TEMPERATURE-STRESS
CHANGE TESTS ON ASTAR-811C
P
* Specimen Notation
[-30-5-H-C
I - denotes Task | specimen :
30 - annealing temperature x 10-2 in °F
5 - annealing time in minutes
H -~ helium gas cooled
C -  creepspecimen
- Psp
A-1
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